The Earth is anisotropic at all scales, and models and interpretations of electrical anisotropy from observations are becoming more common. The magnetotelluric (MT) impedance tensor from an arbitrary 1-D anisotropic layered Earth admits an unusual form of six parameters (three complex impedances) with diagonal terms that are equal but of opposite sign. This particular form, somewhat unappreciated and neglected to date, can be exploited to deal with regional MT data that are distorted by galvanic effects of near-surface scatterers. Following prior distortion decomposition approaches, a method is proposed that statistically tests for its validity and solves for the determinable parts of the galvanic distortion and recovers the regional 1-D anisotropic responses. The method is demonstrated on synthetic data and real MT data from two different locations.
INTRODUCTION
Anisotropy-the directional dependence of material properties-is an important manifestation of penetrative tectonic fabrics (e.g. Eaton & Jones 2006) . Rock fabrics induced by tectonic processes, particularly, but not exclusively, by lateral plate tectonic translations, provide important clues about the petrogenesis and the deformation history of a region (e.g. Tommasi et al. 1999) . Unfortunately, our direct knowledge of particularly subcontinental lithospheric fabrics is severely limited by the scarcity and bias of mantle samples, which leaves a significant observational gap in our understanding of dynamics of tectonic processes-in particular, how continents formed and interacted with underlying mantle regions in the past, and how they do so today. This gap can be filled by appropriate geophysical observations of lithospheric anisotropy, and thus geophysical observations of anisotropy, particularly seismic and electrical anisotropy, are providing essential data of lithospheric fabrics and key constraints for geodynamic models of the Earth (e.g. Becker et al. 2006) .
Continental seismic anisotropy has been studied for well over two decades, with shear wave splitting analyses of core-traversing teleseismic waves (SKS and SKKS arrivals) providing the most comprehensive observational data set (Silver 1996; Savage 1999; Park & Levin 2002) . More recently, seismic anisotropy deduced from surface wave studies and receiver functions are also providing important insights (e.g. Gung et al. 2003; Endrun et al. 2011) .
Electromagnetic observations of long-period magnetotelluric (MT) signals provide the best available method to measure electrical anisotropy of the lithospheric and sublithospheric (asthenospheric) mantle. Electrical anisotropy has been interpreted in MT observations, from Mareschal et al.'s (1995) key contribution and that of Kurtz et al. (1993) to more recent studies (Boerner et al. 2000; Simpson 2001; Bahr & Simpson 2002; Leibecker et al. 2002; Gatzemeier & Moorkamp 2005; Hamilton et al. 2006; Padilha et al. 2006) . Electrical anisotropy has also been observed in the crust, with the most convincing and compelling example being that of Heise & Pous (2003) in which the anisotropic nature of the lower crust was magnified by the near-surface, fault-generated anisotropy. discuss the consequences of crustal anisotropic fabrics that align at an angle to regional geoelectrical strike and are not appropriately taken into account. Wannamaker (2005) gives an excellent review of the topic of manifestations of electrical anisotropy and the problem of differentiating between fabric and structural anisotropy.
A caution though was expressed by that MT practitioners cannot, without care, simply adopt prevailing methods in seismology, especially SKS, and display supposed electrical anisotropy information at a particular period over a large region. The one or more orders of magnitude variation in conductivity that is possible in the presence of either structural or fabric anisotropy, in contrast to a few per cent in velocity, means that penetration depths can vary significantly over large regions, and indeed in the two orthogonal directions at a single site. Maps of geoelectric strike at even the longest periods can be misleading because of crustal effects. Mareschal et al. (1995) recognized this problem and plotted their anisotropy information (most conducting azimuths and phase differences between orthogonal directions) at two different periods (42 and 113 s), depending on site location on either side of 81
• W. This penetration depth 'problem' (it is only a problem if it
Decomposition of 1-D anisotropic MT data 3

One-dimensional impedance tensor
In 1-D, that is, a stack of isotropic layers, the impedance tensor becomes
where the diagonals are zero and the off-diagonals are equal but of opposite sign (to ensure consistency with the right-hand rule in Q3 electromagnetic induction). There are two parameters per frequency, which are the real and imaginary parts of the complex impedance Z xy .
Two-dimensional impedance tensor
In 2-D, that is, with resistivity constant along one axis (usually x) in the direction of geoelectric strike of the 2-D structures, the tensor becomes
comprizing four parameters (two complex impedances) per frequency. The observed coordinate system is often not aligned to structural strike, so a fifth, frequency-independent parameter, namely the obliquity between the observation reference system and geoelectric strike, θ , needs to be defined, where
Note that Z yy (θ ) = −Z xx (θ ), so that
Three-dimensional impedance tensor
In 3-D the impedance tensor is full,
and there are eight parameters (four complex impedances) per frequency.
One-dimensional anisotropic impedance tensor
Far less known and appreciated, even within the MT community, is a fourth form of the impedance tensor, and that is the one that the tensor assumes over a general 1-D anisotropic Earth in which there are multiple anisotropic layers with differing anisotropy directions. This form is given by
and comprises six parameters (three complex impedances) per frequency, where the diagonal terms are equal but of opposite sign. Vozoff (1972) , in his definitive review paper that established the MT method in the early-1970s, presents this form (his eq. 9) as found through computation, and Shoham & Loewenthal (1975) state that it is a consequence of the symmetry of the layer conductivity tensors. This form was shown to be valid in the general case in the theoretical development of Kováčiková & Pek (2002) , given in their Appendix A, and also in eqs (30a) and (30d) of Pek & Santos (2002) . (θ ) such that it can be anti-diagonalized. This is not possible in the general case of layered anisotropic media. In their book on magnetotellurics, Simpson and Bahr state 'Mathematically, a 1-D anisotropic Earth is equivalent to a 2-D Earth' (Simpson & Bahr 2005, p. 35) . This is not true in the general case, only in the limited case where there exists only one anisotropic layer within 1   2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 4 A. G. Jones the stack of 1-D layers, with all others being isotropic, or in the case where there are multiple anisotropic layers within the stack but they all have the same anisotropy axes. In both of these, then the general form of Z 1−Da (eq. 7) reduces to the 2-D form Z 2−D (eq. 3) when the axes are aligned parallel to one of the anisotropy directions.
In the general 2-D or 3-D anisotropic Earth case there is no specific form of the MT impedance tensor; it adopts the full form expressed by eq. (6). For the restricted case of anisotropy in 2-D with the anisotropy directions all parallel to structural strike, as used by Baba et al. (2006) , then again when the observational coordinate system is aligned with structural/anisotropy strike, the MT tensor adopts the 2-D form of eq. (3).
Differentiating between one-dimensional anisotropy and two-dimensional structure
Given that the forms of the 1-D anisotropy and 2-D impedance tensors are similar, how does one differentiate between the two and recognize the existence of 1-D anisotropy over 2-D structure? There are essentially three ways:
(1) The vertical magnetic field transfer function is zero over a 1-D anisotropic Earth, but is non-zero over a 2-D Earth.
(2) The horizontal magnetic field transfer functions are unity over a 1-D anisotropic Earth, but are complex and differ from unity over a 2-D Earth.
(3) There is a constant phase difference over a large region for a 1-D anisotropic Earth, whereas a 2-D Earth has maxima in phase difference at lateral discontinuities in conductivity.
The first and third of these were the bases for Mareschal et al.'s (1995) interpretation of the existence of anisotropy in the deep crust and upper mantle of the lithosphere of the eastern Superior craton, Canada. Mareschal et al.'s paper was the first convincing case for electrical anisotropy made.
If one only has MT data from a single site, then one must determine if there exists an angle θ that antidiagonalizes the impedance tensor over all frequencies. In that case, then either the Earth is anisotropic 1-D with one layer of anisotropy, or multiple anisotropic layers but with the same anisotropy axes, or is 2-D. If no frequency-independent angle θ can be found, then one can ask whether a model of the Earth comprizing 1-D anisotropic layers is appropriate. These questions have to be posed within a statistical framework, taking galvanic distortion into account.
Galvanic distortion of the MT impedance tensor
Measurement of the regional horizontal electric fields is notoriously difficult because local, near-surface variations, where 'local' and 'near-surface' are functions of both experimental scale and inductive scale, can distort them through scattering by the effects of charges on conductivity gradients. This distortion is the bane of the MT method, and was first studied in detail by the Russian school under M. Berdichevsky (Berdichevsky & Dmitriev 1976) . At sufficiently long periods (low frequencies) where the inductive response of the scatterers can be neglected and the magnetic effects of the charges on the conductivity gradients and boundaries are also negligible, then only the electric field components are affected and the distortion can be described by a real, frequency-independent, 2 × 2 scattering tensor C. The treatise of Chave & Smith (1994) mathematically establishes this particularly well and discuss the conditions for applicability of the assumptions. Larsen (1977) was the first to propose this approach for dealing with effects on Hawaii because of ocean currents, where he was trying to recover the regional 1-D response affected by distortion, viz.,
an equation now in six unknowns at a single period, the four real values of C plus the two values of the impedance tensor element Z xy . Over n periods, there are 8n knowns (the observed data) and 4 + 2n unknowns (the model parameters), as the elements of C are frequency-independent. Richards et al. (1982) were the first to describe local distortion of electric fields from a 2-D regional Earth, and thus extended a distortion description to
which, in an arbitrary observation coordinate system, is
where θ is the direction between 2-D regional strike and the observation axes, R(θ ) denotes the Cartesian rotation tensor and superscript T denotes transpose. At a single frequency, this is an equation of nine unknowns and eight knowns, but over n frequencies it is 5 + 4n unknowns (as the strike direction θ and the galvanic distortion parameters are all frequency-independent) and 8n knowns. In the strike coordinate system, the off-diagonal terms have the correct phase, but are static shifted (Jones 1988) , so the main emphasis of many approaches has been to devise methods to determine the regional strike in some optimum manner. Bahr (1984 Bahr ( , 1988 used the rotational properties of eq. (10) and proposed that the angle be sought in which the two elements in each column have the same phase, that is, φ xx = φ yx and φ xy = φ yy . Many others have proposed schemes for determining the strike direction and recovering the 2-D regional impedances, including Zhang et al. (1987) , Groom & Bailey (1989) , Chave & Smith (1994) and Smith (1995 
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In the general 3-D case, then
which will always be underdetermined as there are for n frequencies 4 + 8n unknowns and only 8n knowns. Garcia & Jones (2002) proposed that this problem can be addressed when there are pairs of sites for periods where the two sites should be seeing the same regional 3-D structure. Thus, there are 8 + 8n unknowns and 16n knowns at n frequencies at the two sites. For the case of 1-D anisotropic Earth, then the distortion is
which comprises 4 + 6n unknowns for 8n knowns at n frequencies. Thus a minimum of two frequencies are required. This paper describes a method to solve for the unknown parameters in eq. (12).
Distortion decomposition of the MT impedance tensor over a one-dimensional anisotropic Earth
Of the various approaches suggested to determine regional strike and recover the regional 2-D impedances in the case of distortion of a 2-D Earth (eq. (3)), that of Groom and Bailey (Bailey & Groom 1987; Groom & Bailey 1989 , 1991 Groom et al. 1993) offers the most advantages, particularly the extended multisite, multifrequency implementation of McNeice & Jones (1996 , 2001 ) that is in widespread use. Justifiably, the Groom & Bailey (1989) paper is one of the top most cited in magnetotellurics. Besides posing the problem as one of statistical model-fitting and thereby hypothesis testing as to whether the assumed model is appropriate and of demonstrating the uniqueness of their decomposition, Groom and Bailey proposed a tensor decomposition that separates the scattering tensor C into determinable and indeterminable parts; essentially those that are determinable affect phases and amplitudes, whereas those that are indeterminable affect amplitudes only, so cannot be uniquely recovered. The Groom-Bailey decomposition is in terms of a scaling factor and three matrices, given by
where g is site gain, t is a rotation tensor called twist, s as the phases are correct and only amplitudes are shifted. This is the classic static shift problem in MT (Jones 1988) . Thus, for a 2-D regional Earth then
which is an equation of seven unknowns (θ, t and s and the two regional impedances, Z xy and Z yx ) and eight knows at one frequency and 3 + 4n unknowns and 8n knowns at n frequencies. A methodology for applying this approach was given by Groom et al. (1993) and working tool for applying it to a regional data set by McNeice & Jones (2001) . For solving the problem of galvanic distortion of electric fields over a 3-D regional Earth (eq. 11), Garcia & Jones (2002) also adopted the same tensor decomposition. However, their approach worked well for synthetic data, but the results indicated that the problem was more intractable and highlighted the difficulties that resulted as a consequence of inherent parameter-resolution instabilities.
In the case of a regional 1-D anisotropic Earth, then the distortion can be described by , as only the site gain can be absorbed into the scaled regional impedance as an indeterminable parameter. Any distortion anisotropy a will result in the mixing of the impedance tensor 1   2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 6 A. G. Jones elements, viz.,
(for distortion with s and t = 0 and g = 1) and the diagonal terms are no longer the same magnitude but of opposite sign, as required by eq. (5) and anisotropy can be recognized. Thus, at a single frequency there are nine unknowns (t, s, a and the three complex regional impedances, Z xx , Z xy and Z yx ), but only eight knowns. However, at n frequencies there are 3 + 6n unknowns (as t, s and a are all frequency-independent) and 8n knowns, thus even for a pair of frequencies there is one degree of freedom and solutions can be sought. Note that in the case of strong distortion such that the shear value is unity (s = 1, i.e. a shear of ±45 • ), then
(for distortion with a = t = 0 and g = 1). Thus, with s = 1 the shear tensor is singular, and the product with the regional impedance tensor is singular so its form is inherently non-unique. This means that in the case of strong shear anisotropy, a distorted impedance tensor from an anisotropic 1-D Earth cannot be differentiated from an equivalent distorted impedance tensor from an isotropic 2-D Earth.
Implementation of the one-dimensional anisotropic Earth distortion decomposition of the MT impedance tensor
Choice of parametrization is crucial for developing a numerically stable and useful tool for distortion decomposition of MT impedance tensors over a 1-D anisotropic Earth, just as it was for 2-D and 3-D regional Earths. Groom & Bailey (1989) chose a parametrization in terms of sums and differences of the diagonal and off-diagonal elements (their eqs 33). For the 1-D anisotropic Earth, such a parametrization would result in mixing of all three impedances. Following the work of Garcia & Jones (2002) for the 3-D regional Earth case, the parametrization adopted is one of the complex sums and differences of the columns of the MT impedance tensor, namely,
(dependence on frequency assumed). From eq. (15), these parameters are, in terms of their solutions,
where ε i are the (complex) errors of misfit of the model parameters (t, s, a and the three complex regional impedances, Z xx , Z xy and Z yx ) to the observations. Equations (16) are a system of 8n non-linear equations (one for the real and imaginary parts for each α) with 3 + 6n unknowns at n frequencies ω.
To ensure stability and that the solutions are not dominated by the high frequency data, given the natural decrease in impedance with decreasing frequency (increasing period), the alphas at each frequency are normalized by the largest real or imaginary alpha at that frequency.
A solution is sought that minimizes the sum of squares of the misfits over n frequencies, namely 1   2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Decomposition of 1-D anisotropic MT data 7 using a bounded, quasi-Newton algorithm. The hard bounds that can be applied are to the shear parameter s; it must lie in the range ±1. Loose bounds are applied to the other parameters.
The χ 2 misfit of the determined distortion and anisotropy parameters are in the usual manner from
for i,j = x,y. From this the standard root mean square (rms) is derived by dividing χ 2 by 8n (number of data) and taking the square root and the reduced rms (rrms) from dividing χ 2 by [8n -(3 + 6n)]; number of degrees of freedom in the model fitting, given by 8n minus (3 + 6n) model parameters] and taking the square root.
Errors on the parameters are derived robustly using a bootstrap, resampling approach (Efron 1979 ) with typically 100 realizations created randomly from the observed values and their given errors.
S Y N T H E T I C E X A M P L E
The synthetic example chosen to demonstrate the algorithm is one discussed in to describe the MT responses observed over the GSLsz in northwestern Canada. The model comprises four layers, with an isotropic upper crust, an anisotropic lower crust and anisotropic lithospheric mantle, with different anisotropy directions and an isotropic asthenosphere ( Table 1 ). The MT responses of this model were derived over six decades of period, from 0.01 to 10 000 s with 10 estimates per decade, using the forward code of Pek & Santos (2002) based on the algorithm of Kováčiková & Pek (2002) and are shown in Fig. 1 .
To these 61 model data are added Gaussian scatter and noise (with noise added to the error estimates) at the 3.5 per cent in impedance level (approx. 7 per cent in apparent resistivity and 2
• in phase) and distortion given by a of the form
which is a gain g of 1.0, a distortion anisotropy (a) of 0.20, a twist (t) of -0.0875 (twist angle of -5 • ) and a shear (s) of 0.577 (shear angle of +30
• ). These synthetic data are shown in Fig. 2 . Note that the distortion destroys the form of the MT impedance tensor from that in eq. (7); (2001) is first applied to these data, which yields the strike, shear and twist shown in Fig. 3 from a 2-D regional Earth, does not though fit the data statistically. The average and median rms are 1.52 and 1.40 respectively, which may be thought acceptable, but only 22 of the 61 estimates (36 per cent) are below 1.0, rather than 68 per cent (one sigma) and only 40 of the 61 estimates (66 per cent) are below 2.0, rather than 95 per cent (two sigma). In addition, when judging whether a model fits the data, one should not be solely guided by rms misfit however, but consider higher order measures of model fit to the data. Particularly indicative of the poor fit is the 'colour' of the misfit; all data at periods <3 s have misfits greater than 2.0. The Durbin-Watson statistic (Durbin & Watson, 1950) for serial correlations yields a value of 0.37 for the residual rms values, well outside the 5 per cent significance level for uncorrelated residuals of 1.97-2.03. Applying the galvanic distortion scheme described above for 3-D distortion of data from a 1-D anisotropic regional Earth, to these data analysis yields estimates of the distortion parameters as follows: 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Decomposition of 1-D anisotropic MT data 9 
A P P L I C AT I O N T O R E A L DATA
Site DIE
Site DIE lies in central Germany, and was examined in detail in the recent publication of Roux et al. (2011) . The data from site DIE comprise MT responses at 18 periods from 10 to 3000 s, and are representative of the anisotropic structure of the crust and upper mantle beneath central Germany (Leibecker et al. 2002; Gatzemeier & Moorkamp 2005) . The situation in central Germany is the same as central Superior Province, where the results of Mareschal et al. (1995) demonstrated the regional extent of the lithospheric anisotropy, that is, the third type of evidence for differentiating between 2-D structure and anisotropic 1-D. The data are shown in Fig. 5 , and the necessary requirement of the form of the impedance tensor for Z xx = -Z yy is clearly not obeyed, raising the question about the appropriateness of interpreting the data as resulting from a 1-D anisotropic Earth. For model fitting, an error floor of 3.5 per cent in impedance (equal to 7 per cent in apparent resistivity and 2 • in phase) was used. Errors smaller than this were increased to 3.5 per cent, whereas errors that were larger were unaltered. A model of 3-D galvanic distortion of a 2-D regional Earth best fits the data with the parameters shown in Fig. 6 . The strike and galvanic distortion parameters twist and shear are strike = ±43.67
• [(−42.90
These are low values of distortion. However, the averaged rms error is relatively high, at 1.35, with only 22 per cent below 1.0 and 68 per cent below 2.0 and the Durbin-Watson statistic of 0.76 is indicative of correlated residuals. This 3-D/2-D model does not statistically fit the data to within the errors.
Allowing unconstrained 1-D anisotropic models fit over pairs of data at neighbouring periods yields parameters shown in Fig. 7 (a) with an overall rms of 0.51 (Table 2) . Statistically, these models fit the data well as the overall rms is acceptable and there are no strong individual rms values above 2.0, but clearly the distortion parameters twist, shear and anisotropy are not frequency-independent, so the models are not an acceptable description of 3-D/1-Da distortion. 1   2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58   10 A. G. Jones The parameters of the best-fitting model with frequency-independent distortion parameters are given in Table 2 . The overall rms is acceptable at 0.73, although there are strong rms values at some periods (Fig. 7b) . However, the distortion anisotropy value of -0.4 is a problem as that would result in significant splitting of the off-diagonal apparent resistivities. Given that at short periods the ρ xy and ρ yx resistivities are close to one another, this implies that distortion anisotropy is low to negligible and solutions must be sought with a = 0.0.
The best-fitting model with only twist and shear free (but frequency-independent) and distortion anisotropy fixed to 0.0 yields a large overall rms misfit of 1.66, but more than half of the misfit comes from the data at the 3rd, 4th and 5th periods (Fig. 7c) . Removing these points and fitting the data at the remaining 15 periods yields an acceptable model with an rms of 0.99 (Table 2) , although there is bias in that the short period data are poorly fit. Fitting the data in two bands on either side of 300 s yields the parameters of the best-fitting models listed in Table 2 . Note that small variations in the distortion parameters can result in large misfit errors. Averaging the distortion parameters of the two period bands yields a distortion model adopted, with twist = -8.0
• , shear = -5.3
• and distortion anisotropy = 0.0, which fits acceptably (rms = 1.01). These values give the regional MT estimates shown in Fig. 8 (symbols) , compared with the original distorted estimates (solid lines). Thus, a valid model of distortion can be found that fits the observations, and the recovered regional impedances can be validly interpreted in terms of resulting from an anisotropic 1-D Earth. These data are now suitable for 1-D anisotropic modelling and inversion.
Site sno156
Site sno156 lies on top of the GSLsz. The MT data have been modelled and interpreted by Wu et al. (2005) and Eaton et al. (2004) and formed part of the analysis of Jones (2006) for electromagnetic field penetration problems in orthogonal directions. The data are shown in Fig. 9 , and, although Z xx and Z yy share a similar shape for some of the period range, particularly between 0.1 and 10 s, they are clearly not equal in magnitude at all periods. Again, for model fitting an error floor of 3.5 per cent in impedance was set. A model of 3-D galvanic distortion of a 2-D regional Earth best fits the data with the parameters shown in Fig. 10 . The strike and galvanic distortion parameters twist and shear are strike = ±44.99
• [(−44.93
Galvanic distortion is very low, but the 3-D/2-D model does not fit the data. The average and median rms are 2.36 and 2.08 respectively, with none below rms = 1.0 and only 37 per cent below rms = 2.0. In addition, the very low Durbin-Watson statistic of 0.48 attests to the high serial correlation of the residuals. 1   2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58   12 A. G. Jones An unconstrained 3-D/1-Da model fitting over data from pairs of periods yields an rms of 0.23 (Table 3 ), indicative that it may be possible to find an acceptable model. Fitting a model over all periods however yields a large overall rms misfit of 1.40 (Table 3 ). This may be thought to be acceptable, except that only 12 of the data at 46 periods have an individual rms below 1, instead of 32 (68 per cent) as required statistically and 28 of them lie between 1.0 and 2.0.
Again though, the high frequency asymptotes of the off-diagonal apparent resistivities, R xy and R yx , indicate that distortion anisotropy is small to negligible, requiring models to be sought with a = 0.0. A frequency-independent model with a = 0.0 has a much higher overall rms misfit of 5.18 that is certainly not acceptable.
Inspecting the data, there is equivalence in the ρ xx and ρ yy curves in the period band 0.1-10 s. The distortion model for the data in this band, with a = 0.0 fixed, fits acceptably with an rms of 1.02 and low distortion; twist = 2.1
• and shear = 17.5
• . Broadening the band out to higher frequencies (0.005-10 s) yields a model with low distortion and an acceptable misfit (Table 3 ). The regional curves recovered from the distortion decomposition are plotted in Fig. 11 (curves to 10 s period). These can be validly modelled for anisotropic structure to depths of approx. 40-50 km, that is, the base of the crust. At longer periods, >20 s, a different model of distortion is found, with an acceptable rms but very high distortion; twist = -14.6
• and shear = -44.7
• . The distortion here is essentially crustal heterogeneity that has only a galvanic expression at long periods. This strong distortion means that one cannot conclude that the regional MT responses are indicative of a 1-D anisotropic Earth, but could come from a 2-D isotropic Earth. Indeed, an acceptable 3-D/2-D model of distortion can be found to fit these data at these periods that is statistically an equally valid model with an rms = 1.05 and twist = -7.6
• and shear = -33.3
• .
Applying these distortions independently below (short period) and above (long period) 10 s, plus applying a gain factor g of 1/21 to the long period impedance magnitudes, yields the regional MT responses shown in Fig. 11 . These curves cannot be modelled together as is, but are indicative of regional conductivity variation. Thus, one can conclude that one can determine models that fit the data, but that the models have limited depth validity. 1   2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Decomposition of 1-D anisotropic MT data 13 MT data from site sno156 in northern Canada on the Great Slave Lake shear zone.
C O N C L U S I O N S
Distortion of MT data can make valid modelling and interpretation difficult to impossible, and, if ignored, can lead to erroneous conclusions. Techniques for identifying and partially removing the effects of galvanic distortion on the regional horizontal electric field were proposed for regional 1-D structure in the mid-1970s (Larsen 1977) , regional 2-D structures in the 1980s (Richards et al. 1982; Bahr 1984 Bahr , 1988 Zhang et al. 1987; Bailey & Groom 1987; Groom & Bailey 1989; 1991) and regional 3-D structures in the late-1990s (Garcia & Jones 1999 , 2002 , Utada & Munekane 2000 . With tools such as the multisite, multifrequency distortion decomposition of Jones 1996, 2001) , MT data are now routinely analysed for distortion effects and the recovered regional impedances modelled. This paper describes an approach for identifying and removing the effects of distortion where the regional conductivity structure can be validly described by a stack of 1-D anisotropic layers. The approach follows that of Groom & Bailey (1989) , but with the parametrization of Garcia & Jones (2002) . Synthetic data, constructed from a model response with noise, scatter and distortion added, were analysed with the new tool and the correct distortion factors and regional impedance tensor elements recovered.
MT data from two sites, one in central Germany and the other in northern Canada, were analysed to demonstrate the utility of the approach. In the former case, the data successfully fit a model of distortion over the whole period range, whereas in the latter case the data must be divided into two sets-one for the crust and one for the upper mantle. Figure 10 . Recovered distortion parameters parameters (strike, shear, twist), phase differences and rms misfit for the data from sno156 (Fig. 9) applying a model of 3-D galvanic distortion of a 2-D regional Earth. Dr. Josef Pek is thanked for providing the forward code for the calculation of responses from a 1-D anisotropic Earth and for many interesting discussions on the topic.
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